When UV-irradiated T4 bacteriophage (v+) The observation that breaking of UV-wild type (v+) DNA was delayed in a bacterial host deficient in recombination prompted the conclusion that the intracellular breaking was host mediated. To explain the lack of breakage of UV-v1 DNA, it was postulated that this phage injects in such a manner or in such locations that its DNA is not available to the host enzyme(s) (the "compartment hypothesis"). This paper will present experiments which demonstrate that host enzymes are not involved in UV-breaking. Rather, the phage itself codes for and injects an enzyme which recognizes and breaks UV-damaged DNA strands. Thus, during coinfection of UV-v, phage with wild-type phage, the injected wild-type enzyme breaks the UV-v1 DNA (a phenomenon to be referred to as sympathetic breaking). The v1 phage injects a garbled or inactive enzyme which competes with the wild-type enzyme for a UV-damaged substrate. Moreover, the progeny of crosses between v+ and v1 phage demonstrate phenotypic mixing of the breaking enzyme. The specificity and physiological significance of this enzyme will be discussed.
is injected by the phage. It is also demonstrated that the v, phage injects an inactive enzyme that delays breakage by the v+ enzyme and interferes with subsequent repair. The cross of v+ and v1 phage produces mixed progeny that contain both active and inactive enzyme in a single capsid. The possible function of this breaking enzyme, necessitating injection of multiple copies, is considered.
Kozinski and Lorkiewicz (3) examined early steps in the repair of UV-damaged T4 bacteriophage DNA. They reported that DNA of UVirradiated phage particles, UV-DNA, is broken after infection in the presence of chloramphenicol (CM) at a concentration shown to prevent synthesis of proteins. The pattern of this breakage suggested a dose effect, which was later shown to be equivalent to one break per lethal radiation hit (4) . Similar experiments with the radiation-sensitive mutant T4 v, gave contrasting results: UV-irradiated v1 phage DNA remains integral during infection in the presence of CM.
The observation that breaking of UV-wild type (v+) DNA was delayed in a bacterial host deficient in recombination prompted the conclusion that the intracellular breaking was host mediated. To explain the lack of breakage of UV-v1 DNA, it was postulated that this phage injects in such a manner or in such locations that its DNA is not available to the host enzyme(s) (the "compartment hypothesis"). This paper will present experiments which demonstrate that host enzymes are not involved in UV-breaking. Rather, the phage itself codes for and injects an enzyme which recognizes and breaks UV-damaged DNA strands. Thus, during coinfection of UV-v, phage with wild-type phage, the injected wild-type enzyme breaks the UV-v1 DNA (a phenomenon to be referred to as sympathetic breaking). The v1 phage injects a garbled or inactive enzyme which competes with the wild-type enzyme for a UV-damaged substrate. Moreover, the progeny of crosses between v+ and v1 phage demonstrate phenotypic mixing of the breaking enzyme. The specificity and physiological significance of this enzyme will be discussed.
MATERIALS AND METHODS
The bacterial strain used was Escherichia coli B23. In all experiments the cells were pregrown in TrisCasamino Acids-glucose (TCG) media to a concentration of 3 x 108 cells/ml. The phage strains used were the osmotic shock-resistant mutant T4BO r, referred to as wild type, and the radiation-sensitive mutant T4Dv, isolated by Harm (1).
DNA used for the sucrose gradient analysis was extracted by the lysozyme-Triton X-100 method described previously (5) . Media and alkaline sucrose gradient centrifugation procedures were described previously (2) . UV-irradiation procedures were described previously (3) . LTL-EDTA is 0.05 M NaCl, 0.05 M Tris buffer, and 0.015 M EDTA, pH 7.5.
RESULTS
Sympathetic breaking. The failure of UVirradiated v, DNA to be broken upon entry into the host cell was assumed by Kozinski (3) to be a compartmentation problem. According to this hypothesis, injected v, phage DNA was somehow shielded from the host enzyme. This idea was challenged by the experiments described below in which coinfection of wild-type and UV-irradiated v, phage resulted in appearance of breaks in the v, DNA.
Immediately before infection, 150 ,ug of CM per ml was added to the cells; this was then divided into several samples. In control experiments involving incorporation of 3H-leucine by E. coli B23 in the presence of 150 ,ug of CM per ml, it was observed that no measurable uptake of 3H label occurred. This was taken as confirmation that protein synthesis was completely inhibited under these conditions. At zero time, the suspensions were infected with phage as specified in Table 1 . The cultures were sampled at 3, 5 and 10 min, mixed with 2.5 volumes of cold LTL-EDTA, sedimented, and resuspended in LTL-EDTA at one-half of the original volume. The suspensions were then lysed by the lysozyme-Triton X-100 method (5) and supplemented with 3H-labeled reference phage, and KOH was added to a concentration of 0.2 M. These lysates were incubated for 20 min at 37 C and layered onto 5 to 20% alkaline sucrose gradients. The results of sedimentation are illustrated in Fig. 1 .
Intracellular UV-irradiated v1 DNA remained integral at all times (up to 60 min postinfection), but during coinfection with wild-type phage, UV-v, DNA was promptly broken. The extent of sympathetic breakage corresponded to the breakage observed in a control experiment in which the same bacteria were infected with wild-type phage which had received the identical dose of UV (see D2/D1 in inset of Fig. 1 ). The possibility that this phenomenon of sympathetic breaking was due simply to the higher multiplicity of infection (MOI) was ruled out by results shown in sample C (Fig. 1 ). An equivalent amount of coinfecting, nonirradiated v, phage did not cause breakage of the UVirradiated v, DNA observed in sample B (Fig.  1 ). The specificity of the enzyme for UV damage is shown by comparison of samples B and D (Fig. 1) . Clearly, the breaking process was restricted to the UV-irradiated substrate. The intracellular breaking pattern of the UV-irradiated mixed-progeny and v+ population was analyzed as described for the previous experiment. The UV-irradiated phage (9 hits) were used to infect (MOI of 0.2) E. coli B23 in the presence of CM. The infected suspensions were sampled at various times. The results of alkaline sucrose gradient centrifugation are shown in Fig. 3 .
It is clear that most of the label of the mixed-progeny population was displaced from the integral DNA position. Since this experiment was performed at low MOI to eliminate the possibility of sympathetic breakage, it is clear that most of the mixed-progeny phage must have injected an active breaking enzyme. It is also obvious that the extent of breakage was less than that observed for wild phage, which in effect mimicks the results of experiment B. This delay in breakage suggests that most phage also must have injected less enzyme or injected inactive, competing enzyme of the v, genome.
An obvious implication of this finding is that multiple copies of the enzyme are injected by each phage. The precise numbers of enzymes per phage could be approximated by more rigorous analysis of the breakage patterns of additional mixed-progeny populations of different input ratios of v+ and v, phage(work in progress). Interestingly, it was observed that DNA of UV-irradiated mixed progeny, upon delayed breakage, was not subsequently repaired as is the case for UV-irradiated wild-type phage DNA. DISCUSSION In considering the initial events involved in repair of UV-damaged T4 DNA, Kozinski and Lorkiewicz (3) found that UV-irradiated T4 DNA became broken upon infection in the absence of phage-coded enzyme production (presence of CM). Based on the observation that breakage was delayed in a recombination negative host, they postulated that the responsible enzyme was supplied by the host. The results of their work also showed that UVirradiated v, phage DNA remained integral even in normal hosts. Invoking the "compartment hypothesis," they maintained that host enzyme was unable to interact with v, DNA.
The evidence obtained during the present study disproves the previous conclusion. It was observed that, when UV-irradiated v1 phage and nonirradiated wild-type phage coinfected E. coli B23 in the presence of CM, the v1 DNA became broken to the same extent as UVirradiated wild-type phage DNA alone. The results demonstrate that v, DNA was available to. the breaking enzyme. It also suggested that either wild-type phage acts to release host enzyme, "box of Pandora hypothesis," or that the wild-type phage injects an enzyme, and the The delay in intracellular breakage of UVirradiated mixed-progeny DNA leads to the conclusion that v1 enzyme competes with active wild-type enzyme by binding to the UVdamaged substrate. The UV-irradiated mixed progeny DNA was eventually broken but not subsequently repaired as was the case for wildtype phage DNA (Fig. 3) . The delay in breakage suggests that the v, enzyme reversibly binds to UV-damaged DNA, thereby slowing down but allowing eventual breakage by the wild enzyme. The lack of repair suggests that the v, enzyme may have greater affinity than the wild enzyme for broken DNA, thereby inhibiting the normal repair process.
The conclusion from these experiments, that T4 phage inject an enzyme capable of recognizing and breaking UV-damaged DNA has been further supported by the work of Carlos Castillo (thesis in preparation). When nonirradiated wild type of v, phage were allowed to stand for several hours at 37 C in the presence of Mg+, the purified DNA of these phage contained breaks. If EDTA was added to the incubation mixture, UV-irradiated wild-type phage DNA was bro- of breakage a 32P, specific activity = 3 mCi per mg of P.
h For illustration of these results see Fig. 2 .
ken, while nonirradiated wild-type phage DNA remained integral. However, in the presence of EDTA, both UV-irradiated and nonirradiated v, phage DNA was broken. This self-breaking phenomenon suggests that the phage head contains a breaking enzyme specific for UV damage and that the v, mutant enzyme has lost this specificity. Taking the lead from this finding, Carlos Castillo extracted an enzyme from purified v+ phage which broke UV-damaged DNA in the presence of EDTA. The enzyme isolated from v, phage lacked this specificity.
The finding that the breaking enzyme is packaged and injected by T4 phage immediately raises the question of the relationship of the enzyme to the phage internal proteins (IP). It is reasonable to assume that the breaking enzyme is the product of the v gene (8) . Recent mapping results show a new order of genes in the region of internal proteins (7) . Although the v gene is located near IP II, it appears to be a distinct locus separated from IP II by approximately 4,500 base pairs (J. Wilson, J. Kim, and J. Abelson, manuscript in press).
Considering the correspondence of breaking enzyme and v-gene product, a likely hypothesis would be that the breaking enzyme functions in the first steps of repair of UV-induced alteration of the phage DNA. But when it is considered that in nature T4 is usually not exposed to UV, it is not clear what selective advantage it would be for the phage to expend its resources in FIG. 1 . Effect of v+ phage on intracellular breakage of UV-v1 phage DNA. E. coli B23 was grown in TCG media to a concentration of 3 x 108 cells/ml. Immediately before infection, 150 gg of chloramphenicol per ml was added to the cells which were then divided into several samples. The cells were then infected with phage as described in Table 1 . Samples (2 ml) were transferred into 5 ml of cold LTL-EDTA at 3, 5, and 10 min postinfection. The suspensions were sedimented, resuspended in 1 ml of LTL-EDTA. and lysed by the lysozyme-Triton X-100 method. The lysates were supplemented with 3H-labeled reference phage, followed by the addition of KOH to 0.2 M. After 20 min of incubation at 37 C, the lysates were layered onto 5 to 20% alkaline sucrose gradients and sedimented for 180 min at 27,000 rpm at 15 C. The gradients were collected from the bottom of the tube onto fiberglass filters and counted in a scintillation spectrometer. Table 2 . The conditions for infection, cell lysis, and sucrose gradient centrifugation were identical to those in Fig. 1. production and packaging of multiple copies of an enzyme that it would use so infrequently.
Recently, it was shown that the v-gene product is also responsible for selective allele loss (elimination of DNA loops) in deletion heterozygotes (W. Benz and H. Berger, manuscript in press). This role might be, as in the case of UV-damage repair, a-subsidiary function for the breaking enzyme. It is obvious that, under physiological conditions, simultaneous infections (a requirement for formation of heterozygotes) cannot be frequent. Moreover, recombination occurs at late times after infection when many copies of DNA have been synthesized (6) and when an abundant amount of newly synthesized v-gene product has accumulated (8) . In view of these facts, it seems unlikely that the phage would inject an enzyme whose primary role would be repair of recombinational imperfections. Recognizing that nature is generally economic and efficient, it is reasonable to suggest that the breaking enzyme might have a more important role in the perpetuation of T4 phage. Possibly, the main function of the breaking enzyme is recognition and correction of structural imperfections in early replicative DNA. Such inconsistencies might resemble thymine dimers or delection loops which would, therefore, include the latter types of alterations as substrates for the enzyme. The importance of such an editing enzyme in a process as crucial as DNA replication might easily demand that the phage carry and inject multiple copies of this enzyme. 
